In this study, the scattering properties of polymer dispersed liquid crystals (PDLC) and its optical features for use in turbulence image simulation are presented. A PDLC cell composed of a liquid crystal/monomer mixture with two indium tin oxide glass substrates, 55 wt.% E7 and 45 wt.% NOA65, is proposed. And this mixture had a thickness of 10 µm. With respect to its scattering properties, it was hypothesized that the proposed PDLC cell could be utilized as an electrically tunable turbulence imaging simulator. The measured results, two dimensional images of the transmission light, under voltages from 0 Vrms to 10 Vrms showed that the PDLC film could effectively simulate turbulence situation of a point light source under atmosphere turbulence condition to a certain extent. This PDLC film had a great potential for application in turbulence imaging simulation.
INTRODUCTION


Polymer dispersed liquid crystal (PDLC) is composed of a polymer and liquid crystals [1] . In recent years, PDLC has been applied widely in many fields, such as displays, holography, optical shutters, imaging correctors, and intelligent buildings [2 -8] . Usually, there are several basic methods of preparation, temperature induced phase separation (TIPS), solvent induced phase separation (SIPS), polymerization induced phase separation (PIPS), and microencapsulation process (MP), respectively [9] . Amongst them, the most common and effective preparation method is PIPS. Many characteristics of PDLCs have been studied. In particular, its photoelectric characteristics are still a focus of attention and the scattering properties of the PDLC film are very important features. Scattering is caused by the spatial variation of the refractive index in the liquid crystal/polymer mixture. The main cause of formation is that the refractive index between the liquid crystal and polymer networks is mismatched, as is that between the liquid crystal domains [10, 11] . In consequence, there have been many investigations of the formation mechanism and of the consequent scattering characteristics [10, 11] . Furthermore, there are also many applications of PDLC films in different fields that use its scattering characteristics [6, 7] . However, related applications in the field of imaging systems are worthy of further research, especially for turbulence imaging simulation. As it is well-known, the liquid crystal is widely utilized in the simulation of atmospheric turbulence [12, 13] . But, there is still no enough study on the simulation with use of PDLC. The motivation for this work was to apply a PDLC cell to simulate the twodimensional image of a point light source under the condition of atmospheric turbulence.
In general, turbulent images appear under environments of atmospheric turbulence [14, 15] . In order to study the basic principles, many kinds of methods, including software algorithms and hardware implementations, have been proposed. However, the common problems amongst these algorithms and hardware implementations are the large complex computational requirements, which are very costly. Sometimes, multiple iterations are required. They also are inappropriate for use in the real-time simulation and analysis. In order to solve the problem, many fast algorithms and simple hardware implementations have been proposed [16, 17] . But there is still room to develop efficient simple methods for simulating turbulence images. Because of the birefringence feature of liquid crystals, a number of hardware implementations based on liquid crystal devices have been proposed [12, 13] . As a result of the scattering properties of PDLCs, it is feasible to produce turbulence images based on PDLC films. In the present investigation, the scattering properties of PDLC films and the influence of its formation mechanism on its capability to simulate turbulence images are discussed and the electricallycontrolled features have been studied in details. Compared to the traditional methods, the proposed approach can give an intuitive result without large computations. It has several advantages, such as low cost, being electrically controlled and being relatively simple.
The second section presents the related theory about PDLC cells and turbulence imaging. The third section describes the fabrication procedure for the proposed PDLC cells and presents some interesting experimental results that are used to discuss its scattering properties in turbulence image simulators and present other classic electro-optical features. In conclusion, use of the proposed PDLC cells in turbulence image simulators is considered.
RELATED THEORY
Chemical potential can be utilized to explain the phase separation phenomenon in PDLCs. The chemical potential of the liquid crystal and the monomers are µLC, and µM, respectively [18] :
where LC means liquid crystal; M represents monomers; When thermal equilibrium occurs in the PDLC film, the chemical potential of each component in the film is equal. In areas of strong light intensity, the monomers are polymerized by the external UV light, the monomers gradually become polymer, and the number of monomers in this region obviously decreases. Due to the decrease in the chemical potential of the monomer, according to Eq. 1, the monomers diffuse from the weak light intensity region to the strong light intensity region, based on the principle of thermal equilibrium. In this way, the chemical potential of the monomers compensates. Conversely, in the areas with strong light intensity, because the number of monomers decreases, the chemical potential of the liquid crystal increases in accordance with Eq. 1 and the liquid crystal migrates from the region of strong light intensity to the area of weak light intensity, based on the principle of thermal equilibrium. Correspondingly, the chemical potential of the liquid crystal compensates. As a result, phase separation arises and the PDLC film is prepared.
The working principle of PDLCs for light modulation is shown in Fig. 1 . In the voltage-off state, as shown in Fig. 1 a, the liquid crystal droplets are randomly oriented. The effective refractive index neff seen by the light will be different to that of the polymer networks np. Hence, the incident light is scattered mainly in the forward direction or is reflected. In the voltage-on state, the LC molecules are reoriented along the electric field direction, as shown in Fig. 1 b. Therefore, the ordinary refractive index of LC no is the refractive index seen by the light, and usually np is very close to no. So light passes through the PDLC layer with high transmission and less scattering.
The PDLC film has a very special feature of an optical shutter. Without the externally-applied voltage, the liquid crystals in the PDLC film tend to align parallel to one direction in a single droplet. However, every liquid crystal droplet has its own direction. With an external applied voltage, the liquid crystal molecules first rotate, then orientate perpendicular to surfaces of both top and bottom substrates. The vertical incident light sees the same refractive index of liquid crystals and, as a result, those interfaces all disappear and light passes through the PDLC film. Then the PDLC film becomes transparent. The transmittance of the PDLC cell can be controlled by the applied external voltage. The formula of the transmittance in PDLC film is [18] :
where
, and TA is the maximum transmittance,  means the density number of the liquid crystal droplets,  denotes the average scatter cross section, d is the thickness of the PDLC film, and Eext is the applied external voltage. It is well known that atmospheric disturbance is the main cause of turbulence image formation, which leads to very poor image resolution [12] . The reason is that the refractive index of the atmosphere can change randomly in both space and time. The results in similarly random changes in the optical path differences in the atmosphere medium, when a plane wave from a very far distant source is incident on the film. As the view of a reference star passing through an atmosphere is distorted during the propagation in atmosphere, because the plane wavefront is distorted and changes in this non-planar wavefront can be regarded as optical aberration.
Similarly, a large burst of heated air will be continuously and randomly dissipated into a small volume of air at uniform temperature, in the form of turbulence eddies. The refractive indices in the turbulent eddies are all the same. Based on the Kolmogorov theorem, the formula of spatial power spectral density is [20] :
where r0 is a normalization factor with units of length that gives the correct dimensional of the power spectrum; k is the spatial wave-number vector. When the spatial wavenumber vector satisfies 00 22 k Ll   (L0 means the maximum distance, l0 means the minimum distance), compliance with the Kolmogorov theorem is confirmed [20] . Otherwise, the Kolmogorov theorem is not confirmed [20] .
EXPERIMENTS AND DISCUSSION
In this study, the PDLC film was produced by using UV light. During the procedure, liquid crystal, E7 from the Merck Co., and polymer, NOA65 from Norland Co., were utilized. The chosen reason was that refractive index np of the polymer was very close to refractive index no of the liquid crystal. For this sample, the mass ratio of those two materials, 55:45, was chosen. The main fabrication flow of the PDLC cell was as follows: first, the liquid crystal and the monomers were mixed according to the mass ratio of 55 wt.%: 45 wt.% in a glass bottle with the use of an electric balance. An ultrasonic shaker was utilized to agitate it to ensure uniform mixing. Next, an empty cell, composed of two Indium Tin Oxides (ITO) substrates and spacers was prepared. The thickness of the PDLC film was 10µm. The mixture of liquid crystal-polymer was injected into the empty cell by capillary effect. Finally, AB glue was utilized to seal the liquid crystal cell. Under UV irradiation, the sealed liquid crystal cell with a PDLC film was obtained.
Fig. 2. Experimental setup
A testing arrangement was set up, as shown in Fig. 2 . In order to acquire a point light source, an optical stop was used. It was set in front of the light source. The PDLC cell was between the light source and CCD (Charge Coupled Device). Light was passed through the PDLC cell and fell on the CCD. The CCD was 3 Megapixel in resolution, ½ inch in thickness, and 6.4 mm × 4.8 mm in area, and was connected to a PC. A tunable external applied voltage (0 Vrms -10 Vrms) at 1 KHz was used to drive the PDLC cell.
An optical image of the proposed PDLC cell was acquired by a Polarizing Optical Microscope (POM), as shown in Fig. 3 . The test condition for this acquired image was under 2 Vrms. The scattering properties of the PDLC can be explained by Mie scattering theory. Liquid crystal droplets in the PDLC can have several molecular alignment modes. In Fig. 3 , liquid crystal is in radial mode. The scattering properties of PDLC can be affected by several important parameters, such as the size of the liquid crystal droplets, the mass ratio between the liquid crystals and the monomer, the degree of matching between the refractive index of the liquid crystal no and the refractive index of the polymer np, the thickness of the PDLC film, and so on [7] . For the proposed PDLC cell, the distance between two liquid crystal droplets is a very important factor that affects scattering properties. If the distance is too small, the liquid crystal droplets easily connect with each other. On the other hand, if the distance is too large, the density of liquid crystals will be low. If the density of liquid crystal increases, the number of light scattering points in the PDLC film increases and scattering phenomenon will become more evident. Conversely, if the density of liquid crystal decreases, the number of light scattering points in the PDLC film decreases and the scattering phenomenon is weaker. As shown in Fig. 3 , the distance between liquid crystal droplets is relatively balanced and there are only narrow spaces between the liquid crystal droplets in the PDLC film. The other important factor affecting the scattering properties of the proposed PDLC film is the diameter of the liquid crystal droplets. If the weight ratio of liquid crystal in the PDLC film is small, the liquid crystal droplets formed in it have only a small diameter. Correspondingly, if the weight ratio of liquid crystal is large, the time for the liquid crystal to separate out of PDLC is sufficiently long that the liquid crystal droplets then formed have a large diameter. In Fig. 3 , diameter of liquid crystals visible in the mixture is generally small and is several micrometers by comparison with the scale bar of 50 µm also shown. This value is appropriate to obtain better scattering properties from the PDLC. 
In order to analyze the scattering feature of PDLC, a red laser, 633 nm, was utilized in the following experiment. The experiment setup in Fig. 2 was still utilized to measure the divergence angle of PDLC film. The incident light source was replaced as a red laser. A CCD was used to acquire the measurement data. In the experiment, the information of transmission light can be obtained. In Fig. 4 , there are two dimensional images of spot profiles under different applied voltages. From the acquired experimental results, it was found that the scattering of light beam varied with the applied voltage. As the voltage increased, the scattering decreased. The divergence angle of PDLC film can be computed by the above mentioned theory. And the formula [21] . Table 1 shows the final result. The scattering decreases and the transmission rate increases with the changes of applied voltage.
Next, a verification measurement was set up, as shown in Fig. 2 . In order to present clearly the final results of this verfication result, a parallel white light (The direction of parallel is along the main optical axis) was used as a light source and an optical stop was used to generate a point light source. The PDLC cell was set in front of the CCD, which was used as pupil. Turbulence is the main cause of refractive indices in atmospheric media that are mismatched. An electrical resistor was heated for 3 hours to simulate atmospheric thermal disturbance and, in this way, a distorted wavefront could be obtained. With the respect to the scattering properties of the PDLC cell mentioned above, simulation of a two-dimensional image of the point light source was feasible. In Fig. 5 , two-dimensional image of a point light source was acquired by CCD, which was connected directly to a PC. The acquired data were analyzed as follows. At 0 Vrms, the PDLC cell was opaque because it was without any driven voltage. Under this situation, when light was passed through the cell, the scattering phenomenon was observed. As the incident light was a point light source, the ideal result on CCD should be a Gaussian wave. However, two-dimensional image produce by CCD did not have a very clear image. Based on the above-mentioned theory in Section 2, at this moment the PDLC cell exhibited a marked scattering property and the light had changed because of scattering. As presented in Fig. 5 a, there was an evident turbulence effect. That behavior is very close to the real situation of atmospheric turbulence. Compared to the traditional methods, the proposed approach gives an intuitive result without large computations [12 -14] . When the external applied voltage increases, the degree of scattering becomes weak. At 2 Vrms, the transmitted light had weaker scattering properties, as shown in Fig. 5 b and the transmitted light had a focusing feature. With increasing external applied voltage, the degree of matching between refractive index of liquid crystal and refractive index of polymer was much higher. This trend agrees with the above mentioned scattering feature measurement of the proposed PDLC film. Thus, the transmitted light gradually had a focusing spot, while when the externally applied voltage was up to the saturation value of liquid crystal rotation, the focusing spot was relatively clear, as shown in Fig. 5 f. The presented two-dimensional image is analogous to a Gaussian wave. The acquired data in Fig. 5 can confirm the abovementioned theory in Section 2 to a certain extend. However, the result presented here is only preliminary. That is becasue the formation mechanism of the turbulent image given by this PDLC cell is still complicate and many factors can affect simulation result. Nevertheless, this work demonstrates a feasible approach to realize this simulation without complex iteration-computation. 
CONCLUSIONS
In this study, a PDLC cell was composed of 55 wt.% E7 and 45 wt.% NOA65. It is an electrically-controlled device. Its phase separation and scattering capability have been evaluated. A method by using the proposed PDLC cell for simulating atmospheric turbulence is proposed. In measurements, two-dimensional images acquired by the CCD have been presented as confirmation of the proposed hypothesis. The measured results showed that this PDLC cell could be seen as the simulation-results of twodimensional images for a point light source under conditions of atmospheric turbulence. Compared to conventional methods, the proposed approach has several advantages, such as, low cost, less computation, and relatively simplicity. There is still space for further development, considering the wide range of factors, such as, liquid crystal orientation at the liquid crystal-polymer interfaces, that can affect the final result.
